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Cosmic Neutrino Background

• Initially, entire Universe was a hot dense state

• Weak interactions keep neutrinos in thermal equilibrium with rest of primordial 
plasma

• Neutrino decoupling

• at t~1 sec (kBT~1 MeV) Weak interaction rate too slow to keep up with 
expansion

•  ~113 cm-3 per neutrino specie

• TCvB ~ 1.9 K



CvB and the Early Universe

• mv < a few eV; relativistic energy in the early Universe

• Measurable via impact on the expansion rate

• BBN: Neff = 3.71 ± 0.46 Steigman, Adv. in HEP Vol 2012 (2012), 268321

• CMB: Diffusion (Silk) damping
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CvB and the Late Universe

• Oscillations: at least two of the neutrino species are massive

• non-relativistic in the late Universe, energy density set by nv and mv

• Free streaming smooths out small scale clumps

• Slows down the growth of structure, measurable by

• Galaxy Cluster abundance (vs. redshift)

• Weak lensing

• other methods as well...
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to zero twice every cycle. (The bias arrangement 
is not shown in Fig. 4.) 

The second source of error is not likely to be 
large. It can be removed by adjusting Eb 
(providing the adjustment does not change its 
phase) so that Eg has always the same value 
when final balance adjustments are made. A high 
impedance voltmeter, preferably electronic, VM 
in Fig. 4, across the input to Tl will provide for 
this correction. A better way of removing this 
source of error is to make 8 equal to rf> by means 
of a phase shifting device. When this condition is 
obtained Rand R' of Eq. (10) will be equal and 
the position of S2 of Fig. 4 will have no effect on 
the balance adjustments. In this case Z will be 
simply equal to R. A convenient phase shifting 
device is described by Cosens.s 

• C. R. Cosens, Proc. Phys. Soc. London 46, 818 (1934). 
F. A. Laws, Electrical Measurements (McGraw-Hill and 
Company, New York, 1938), p. 474. 

Harmonics in the detector input are likely to 
prove a troublesome source of error. The rela-
tionship between alo a2, a3, etc., in (6) will vary 
according to the setting of R of Fig. 2. Hence, in 
order to obtain accurate balance indications the 
harmonics in E b, or E g , must be filtered out so as 
not to effect the galvanometer deflection appre-
ciably. The filter indicated in Fig. 4 is for this 
purpose. 
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Attenuated Superconductors 

I. For Measuring Infra-Red Radiation 

D. H. ANDREWS; W. F. BRUCKSCH, JR., W. T. ZIEGLER, AND E. R. BLANCHARD 
Chemistry Department, The Johns Hopkins University, Baltimore, Maryland 

(Received February 27, 1942) 

An apparatus for measuring infra-red radiation has been constructed of fine tantalum wire, 
operating at a temperature of 3.22-3.23°K in the transition zone between superconduction 
and normal conduction. The tantalum coil is mounted on a thermostated plate with temperature 
electrically controlled and operates in a special self-regulating shunt circuit by which its own 
temperature is automatically maintained constant. The ratio of developed electrical potential 
to radiation flux received is 150 MV (erg cm-2 sec.-I)-I. Minimum detectable flux is ca. 10-3 erg 
sec.-I. Absolute measurements of intensity of radiation from sources at temperatures between 
24° and 55° are consistent with the Stefan-Boltzmann law showing that instrument corrections 
for reflectivity, window-absorption, and changes with wave-length are very small. 

ALTHOUGH superconductivity has been 
studied extensively for a number of years, 

no use has ever been made of the striking possi-
bilities which it presents for the measurement of 
very small temperature changes and the detection 
of minute quantities of energy.1.2 The advantages 

1 D. H. Andrews, American Philosophical Society Year 
Book (1938), p. 132. 

2 A. Goetz, Phys. Rev. 55, 1270 (1939). 

in using superconductivity for such purposes may 
best be seen by reviewing briefly the essential 
problems in the measurement of radiant energy. 

Electrical detectors of radiant energy, such as 
bolometers and thermopiles, consist, function-
ally, of two elements: a solid body, called the 
receiver, which absorbs the radiation to be 
measured and is warmed thereby, and a sensitive 
thermometer which measures the temperature 
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experiments by removing the calorimeter can 
from the vacuum compartment and inserting 
apparatus for the emission and measurement of 
radiation as shown in Fig. lb. In the following 
description numbers and letters in parenthesis 
refer to the key numbers and letters in these 
figures. 

Starting at the outside and working in, we have 
first a metal Dewar vessel (7) which contains 
liquid nitrogen. Inside this and below the surface 
of the nitrogen there is a gas-tight brass case (6) 
containing another Dewar (5) which is filled with 
liquid hydrogen through the doubled-walled 
tube (11) which is vacuum-jacketed and silvered. 
Hydrogen is pumped off through tube (9). Below 
the surface of the liquid hydrogen there is a 
third gas-tight brass case (3) which contains the 
apparatus for the radiation studies. Wires for the 
electrical measurements emerge at a wax seal at 
the top of tube (10) and the case is evacuated 
through the side arm off this same tube. 

The Helium Container 

Liquid helium is formed by the Simon expan-
sion method in a heavy-walled copper vessel, 
hereafter referred to as the "pot" (1). Each 
expansion results in a temperature of 4.2°K in 
the vessel for about 90 minutes against the 
normal thermal leak. Temperature can be re-
duced to Ga. 2.2°K by pumpmg. The pot is 

SIDE VIEW 

I eM 

TOP VIEW 

FIG. 2a. Bolometer assembly. 

FIG. 2b. Bolometer (top). 

equipped with a gas thermometer (2) registering 
on a Bourdon pressure gauge for rough estimates 
of temperature. There is also wound on it a 
constantan resistance thermometer of Ga. 700-
ohms resistance. All electrical leads from the 
resistance thermometer and from the receiver 
(described below) are wound five times around 
the pot and cemented to it for thermal contact. 

The Bolometer 

The bolometer (B) is mounted on top of the 
pot beneath the radiation shield (E). A stud of 
copper, l-cm diameter, projects 2 mm above the 
top of the pot. To this is soldered with Wood's 
metal a rectangular copper plate 4.3 cm X 2 cm 
XO.8 mm, attached so that it is horizontal. At 
each corner a l-cm length of No. 30 copper wire 
is mounted in a vertical position. The upper ends 
of the wires are wrapped around and serve to 
support two Pyrex glass capillary tubes, 4.4 cm 
long and 1.0-mm diameter, which are parallel to 
the plate lengthwise. 

Another plate of copper (A), shown in more 
detail in Figs. 2a to 2d, rests on these glass 
capillaries. It is shaped in the form of an inverted 
U as is shown most clearly in the side view. The 
two bent-down ends have small vertical slots 
into which the glass capillaries fit so that the 
plate is held snugly in place by friction. The 
photographs show the top (2b), side (2c), and 
bottom (2d) of the assembly. 

This plate (A), hereafter referred to as the 
"platform," has mounted on its lower surface 
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FIG. 3. Superconducting transition for tantalum. 

against the transition points of superconducting 
tin and lead. It is very difficult to estimate the 
absolute accuracy. For example, the transition 
point for pure tantalum is 4.38°K as reported by 
Meissner. 7 A short straight sample of our own 
tantalum wire has a transition at 4.06°K. Keesom 
and Desirant8 report a transition for tantalum 
at 4.075°K. We find that the winding of hard 
metal wires usually depresses the transition point 
and believe that the apparent value of 3.23°K 
lying almost one degree below the normal transi-
tion can be attributed to this effect. It must be 
recognized, however, that because of the poor 
thermal con tact between the radiometer and the 
pot this figure may be in error by several tenths 
of a degree. 

Electrical measurements have been made with 
the help of White and Type K potentiometers 
and sensitive galvanometers manufactured by 
the Leeds and Northrup Company. The whole 
system is shielded; the wires are covered with 
lead sheathing and the instruments rest on metal 
plates. Sheathing and plates are connected 

7 W. Meissner, Physik. Zeits. 29, 897 (1928). 
8 W. H. Keesom and M. Desirant, Leiden Comm 257 b; 

Proc. Roy. Acad. Amsterdam 42,536 (1939). 

together to form an equipotential background. 
Under ordinary working conditions on the tan-
talum coil circuit one microvolt gives a deflection 
of about 7 mm on the scale. Zero-point shifts are 
less than 0.2 millimeter during a five-minute 
working period, so that potential measurements 
are made with a relative accuracy of ±0.1 p.v. 

Heating Circuits 

The first essential for measuring small changes 
of temperature is constancy of base temperature. 
In our initial experiments, the bolometer was 
mounted directly on the pot, and we tried to 
bring it to constant temperature at 3.225° by 
controlling the rate of pumping on the helium. 
The best we could get was a constancy of about 
0.003°±. This was far from satisfactory for our 
purpose and it did not seem likely that any more 
careful control of pumping rate would produce 
a much better result. 

We therefore decided to isolate the bolometer 
from the helium by means of the glass capillary 
platform described in the previous section. The 
temperature of this platform is controlled by the 
amount of current passing through the platform 
heater. In actual operation we find that after a 
steady state of pumping has been reached, the 
tendency is for the temperature of the top of the 
pot to rise at a very slow rate, roughly 0.001 ° 
per minute. This effect is most pronounced when 
the level of helium in the pot gets low. By slowly 
decreasing the heating current through the 
platform heater it is possible to compensate for 
this and to hold the temperature of the platform 
constant to 10-5 deg. or better over a period of 
several minutes. 

In addition to the heating from the heater coil, 
there is also appreciable heating from the current 
passing through the receiving element itself, 
especially when fairly high currents of the order 
of 10-4 amp. are used in order to get maximum 
dE/dT and consequent maximum sensitivity. 
Under these conditions there is an instability in 
the heat balance and it is necessary to use a 
special self-regulating shunt circuit. 

The analysis of the circuits and heat balances 
may be made with the help of Fig. 4. Consider 
first the circuit with key open. A constant current 
passes through the tantalum coil (p) and the 
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(5) 

where we have (I) total current passing through 
shunt and Ta coil and (0") resistance of shunt. 

In Fig. 5 the heat generated by the current in 
the Ta coil (Up) with this circuit is shown by 
line III. The effect of the shunt is to decrease the 
slope so that at the intersection between (I) and 
(III) there is now true equilibrium. When radi-
ation flux (J) falls on the receiver, curve III is 
in effect shifted up by J units to the new position 
shown in the figure as IlIa. 

Operation 

In taking a measurement of radiation, the 
pumping line to the helium is opened wide so 
that the temperature of the pot comes to equi-
librium at about 2.3°K. Current is passed through 
the platform heater until the Ta coil is at about 
3.3°. Then with the normal measuring current of 
10-4 amp. passing through the Ta coil the tem-
perature of the platform is reduced so that the 
temperature of the coil lies in the middle portion 
of the transition zone. After temperature has 
remained constant for several minutes a series 
of readings of the potential drop is made, every 
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five seconds if possible, continuing throughout 
the series of measurements. During this pre-
liminary procedure the temperature of the 
radiator has been brought to constancy. The 
shutter is then opened and closed several times, 
each complete cycle taking about two minutes. 
The exposure in each instance is continued until 
equilibrium is established. Figure 6 shows the 
plot of galvanometer readings taken with the 
source of radiation at 48.6°K. 

RESULTS 

In order to interpret the results each gal-
vanometer reading is converted to temperature 
(8), with the help of a large scale plo't represent-
ing 8 as a function of galvanometer scale readings 
and based on Eqs. (3), (4), and (5) with appro-
priate numerical values inserted. 

Provided k is known, the radiation flux J may 
be calculated from the change in 8 corresponding 
to J by the following equations: 

k(82-81) = (Up)2- (Up)l+J, (6) 

k!:::.8=t::.H+J, (7) 

where subscripts one and two refer to the equi-
librium states before and after admitting radi-
ation. The A's are an abbreviation to indicate 
the changes between the states; and H = I t2 p. 
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FIG. 6. Galvanometer response to radiation. 
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An application of electrothermal feedback for high resolution cryogenic
particle detection
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Department of Physics, Stanford University, Stanford, California 94305-4060
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A novel type of superconducting transition edge sensor is proposed. In this sensor, the temperature
of a superconducting film is held constant by feeding back to its position on the resistive transition
edge. Energy deposited in the film is measured by a reduction in the feedback Joule heating. This
mode of operation should lead to substantial improvements in resolution, linearity, dynamic range,
and count rate. Fundamental resolution limits are below DE5AkT2C , which is sometimes
incorrectly referred to as the thermodynamic limit. This performance is better than any existing
technology operating at the same temperature, count rate, and absorber heat capacity. Applications
include high resolution x-ray spectrometry, dark matter searches, and neutrino detection. © 1995
American Institute of Physics.

Superconducting transition edge sensors suffer from
limitations due to film nonuniformity, transition nonlinearity,
and limited dynamic range. In electrical circuits, analogous
limitations are often avoided by using feedback techniques.
This scheme can be used with superconducting transition
edge sensors by using feedback to hold the temperature of
the film constant. The feedback signal is the required heat
input.

Joule heating can be used to provide such feedback.
When a superconducting film is voltage biased and the sub-
strate is cooled to well below the transition temperature, the
film can be made to self-regulate in temperature within its
transition. As the film cools, its resistance drops towards
zero, and the Joule heating increases. A stable equilibrium is
established when Joule heating matches the heat loss into the
substrate. The feedback signal is the change in Joule power
in the film, the product of the bias voltage, and the measured
current.

It has been noted that when films are voltage biased,
pulse duration can be shortened.1–3 If film transitions are
sharp and the substrate is cooled to well below the transition
of the film, this effect should be quite large.

We model the detector as a film of heat capacity C con-
nected to a substrate at a constant temperature Ts . The tem-
perature of the film is determined by the Joule heating and
the heat loss to the substrate. The heat loss to the substrate
goes as K(Tn2Ts

n), where K is a material and geometry
dependent parameter and n is a number whose value depends
on the dominant thermal impedance between the substrate
and the electrons in the superconducting film. This thermal
impedance is set at higher temperatures and in thicker films
by the Kapitza boundary resistance between the film and the
substrate. For thinner films, and at lower temperatures, the
electron-phonon decoupling in the film dominates. If the
Kapitza resistance dominates, n is 4. If electron-phonon de-
coupling in the film dominates, n is either 5 or 6, depending
on the theory and the temperature range.

When an event heats the film a small amount above the

equilibrium temperature, the return to equilibrium is de-
scribed by

C
dDT
dt 52

P0a
T DT2gDT , ~1!

where the first term on the right-hand side is the effect of
reduced Joule heating, and the last term is the effect of in-
creased heat flow to the substrate. The thermal conductance
g5dP/dT5nKTn21, a5(T/R)(dR/dT), a unitless mea-
sure of the sharpness of the superconducting transition, and
P0 is the equilibrium Joule power. When the substrate tem-
perature is much colder than the film, P05KTn5gT/n , and
the pulse recovery time constant is seen to be

teff5
t0

11a / n , ~2!

where t05C/g is the intrinsic time constant of the film ~the
pulse recovery time constant in the absence of Joule heat-
ing!.

Extremely low-Tc superconducting films can be fabri-
cated with a as high as 1000.4 Thus, electrothermal feedback
can shorten pulse duration by two orders of magnitude. Un-
der these conditions, major simplifications are possible in
interpreting detector pulses.

When the pulse duration is much shorter than the intrin-
sic time constant, the detector is operating in a mode where
the pulse energy is removed by a reduction in Joule heating,
instead of an increased heat flow to the substrate. Thus, the
energy deposited in the film is simply the integral of the
change in the Joule power

a!Electronic mail: irwin@leland.stanford.edu FIG. 1. Instrumentation of the ETF-TES.

1998 Appl. Phys. Lett. 66 (15), 10 April 1995 0003-6951/95/66(15)/1998/3/$6.00 © 1995 American Institute of Physics
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• Voltage biased for stable operation

Irwin, Appl. Phys. Lett., 66, 1998 (1995)
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An application of electrothermal feedback for high resolution cryogenic
particle detection
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A novel type of superconducting transition edge sensor is proposed. In this sensor, the temperature
of a superconducting film is held constant by feeding back to its position on the resistive transition
edge. Energy deposited in the film is measured by a reduction in the feedback Joule heating. This
mode of operation should lead to substantial improvements in resolution, linearity, dynamic range,
and count rate. Fundamental resolution limits are below DE5AkT2C , which is sometimes
incorrectly referred to as the thermodynamic limit. This performance is better than any existing
technology operating at the same temperature, count rate, and absorber heat capacity. Applications
include high resolution x-ray spectrometry, dark matter searches, and neutrino detection. © 1995
American Institute of Physics.

Superconducting transition edge sensors suffer from
limitations due to film nonuniformity, transition nonlinearity,
and limited dynamic range. In electrical circuits, analogous
limitations are often avoided by using feedback techniques.
This scheme can be used with superconducting transition
edge sensors by using feedback to hold the temperature of
the film constant. The feedback signal is the required heat
input.

Joule heating can be used to provide such feedback.
When a superconducting film is voltage biased and the sub-
strate is cooled to well below the transition temperature, the
film can be made to self-regulate in temperature within its
transition. As the film cools, its resistance drops towards
zero, and the Joule heating increases. A stable equilibrium is
established when Joule heating matches the heat loss into the
substrate. The feedback signal is the change in Joule power
in the film, the product of the bias voltage, and the measured
current.

It has been noted that when films are voltage biased,
pulse duration can be shortened.1–3 If film transitions are
sharp and the substrate is cooled to well below the transition
of the film, this effect should be quite large.

We model the detector as a film of heat capacity C con-
nected to a substrate at a constant temperature Ts . The tem-
perature of the film is determined by the Joule heating and
the heat loss to the substrate. The heat loss to the substrate
goes as K(Tn2Ts

n), where K is a material and geometry
dependent parameter and n is a number whose value depends
on the dominant thermal impedance between the substrate
and the electrons in the superconducting film. This thermal
impedance is set at higher temperatures and in thicker films
by the Kapitza boundary resistance between the film and the
substrate. For thinner films, and at lower temperatures, the
electron-phonon decoupling in the film dominates. If the
Kapitza resistance dominates, n is 4. If electron-phonon de-
coupling in the film dominates, n is either 5 or 6, depending
on the theory and the temperature range.

When an event heats the film a small amount above the

equilibrium temperature, the return to equilibrium is de-
scribed by

C
dDT
dt 52

P0a
T DT2gDT , ~1!

where the first term on the right-hand side is the effect of
reduced Joule heating, and the last term is the effect of in-
creased heat flow to the substrate. The thermal conductance
g5dP/dT5nKTn21, a5(T/R)(dR/dT), a unitless mea-
sure of the sharpness of the superconducting transition, and
P0 is the equilibrium Joule power. When the substrate tem-
perature is much colder than the film, P05KTn5gT/n , and
the pulse recovery time constant is seen to be

teff5
t0

11a / n , ~2!

where t05C/g is the intrinsic time constant of the film ~the
pulse recovery time constant in the absence of Joule heat-
ing!.

Extremely low-Tc superconducting films can be fabri-
cated with a as high as 1000.4 Thus, electrothermal feedback
can shorten pulse duration by two orders of magnitude. Un-
der these conditions, major simplifications are possible in
interpreting detector pulses.

When the pulse duration is much shorter than the intrin-
sic time constant, the detector is operating in a mode where
the pulse energy is removed by a reduction in Joule heating,
instead of an increased heat flow to the substrate. Thus, the
energy deposited in the film is simply the integral of the
change in the Joule power

a!Electronic mail: irwin@leland.stanford.edu FIG. 1. Instrumentation of the ETF-TES.

1998 Appl. Phys. Lett. 66 (15), 10 April 1995 0003-6951/95/66(15)/1998/3/$6.00 © 1995 American Institute of Physics
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• Connected to evolving superconducting technologies

Irwin, Appl. Phys. Lett., 66, 1998 (1995)
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A novel type of superconducting transition edge sensor is proposed. In this sensor, the temperature
of a superconducting film is held constant by feeding back to its position on the resistive transition
edge. Energy deposited in the film is measured by a reduction in the feedback Joule heating. This
mode of operation should lead to substantial improvements in resolution, linearity, dynamic range,
and count rate. Fundamental resolution limits are below DE5AkT2C , which is sometimes
incorrectly referred to as the thermodynamic limit. This performance is better than any existing
technology operating at the same temperature, count rate, and absorber heat capacity. Applications
include high resolution x-ray spectrometry, dark matter searches, and neutrino detection. © 1995
American Institute of Physics.

Superconducting transition edge sensors suffer from
limitations due to film nonuniformity, transition nonlinearity,
and limited dynamic range. In electrical circuits, analogous
limitations are often avoided by using feedback techniques.
This scheme can be used with superconducting transition
edge sensors by using feedback to hold the temperature of
the film constant. The feedback signal is the required heat
input.

Joule heating can be used to provide such feedback.
When a superconducting film is voltage biased and the sub-
strate is cooled to well below the transition temperature, the
film can be made to self-regulate in temperature within its
transition. As the film cools, its resistance drops towards
zero, and the Joule heating increases. A stable equilibrium is
established when Joule heating matches the heat loss into the
substrate. The feedback signal is the change in Joule power
in the film, the product of the bias voltage, and the measured
current.

It has been noted that when films are voltage biased,
pulse duration can be shortened.1–3 If film transitions are
sharp and the substrate is cooled to well below the transition
of the film, this effect should be quite large.

We model the detector as a film of heat capacity C con-
nected to a substrate at a constant temperature Ts . The tem-
perature of the film is determined by the Joule heating and
the heat loss to the substrate. The heat loss to the substrate
goes as K(Tn2Ts

n), where K is a material and geometry
dependent parameter and n is a number whose value depends
on the dominant thermal impedance between the substrate
and the electrons in the superconducting film. This thermal
impedance is set at higher temperatures and in thicker films
by the Kapitza boundary resistance between the film and the
substrate. For thinner films, and at lower temperatures, the
electron-phonon decoupling in the film dominates. If the
Kapitza resistance dominates, n is 4. If electron-phonon de-
coupling in the film dominates, n is either 5 or 6, depending
on the theory and the temperature range.

When an event heats the film a small amount above the

equilibrium temperature, the return to equilibrium is de-
scribed by

C
dDT
dt 52

P0a
T DT2gDT , ~1!

where the first term on the right-hand side is the effect of
reduced Joule heating, and the last term is the effect of in-
creased heat flow to the substrate. The thermal conductance
g5dP/dT5nKTn21, a5(T/R)(dR/dT), a unitless mea-
sure of the sharpness of the superconducting transition, and
P0 is the equilibrium Joule power. When the substrate tem-
perature is much colder than the film, P05KTn5gT/n , and
the pulse recovery time constant is seen to be

teff5
t0

11a / n , ~2!

where t05C/g is the intrinsic time constant of the film ~the
pulse recovery time constant in the absence of Joule heat-
ing!.

Extremely low-Tc superconducting films can be fabri-
cated with a as high as 1000.4 Thus, electrothermal feedback
can shorten pulse duration by two orders of magnitude. Un-
der these conditions, major simplifications are possible in
interpreting detector pulses.

When the pulse duration is much shorter than the intrin-
sic time constant, the detector is operating in a mode where
the pulse energy is removed by a reduction in Joule heating,
instead of an increased heat flow to the substrate. Thus, the
energy deposited in the film is simply the integral of the
change in the Joule power

a!Electronic mail: irwin@leland.stanford.edu FIG. 1. Instrumentation of the ETF-TES.
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• Developed with science (Dark Matter and neutrinos) 
applications in mind

Irwin, Appl. Phys. Lett., 66, 1998 (1995)



Broadly applicable

• energy per mode

• kBT ~ 10 ueV for TES

• Egap ~ 1 eV for diodes

• For CMB, detector noise from “G”and 
photon shot noise- same for TES and 
semiconductors

• TES has broader bandwidth

• Multiplexable

Romani et al., The Astrophysical Journal, 521:L153-L156, 1999

Iyomoto et al., Appl. Phys. Lett. 92, 013508 (2008)



Multiplexing

Detectors @ 300 mK Channels @ 300K

Wires
(thermal load)



SQUID multiplexing
29

Figure 3.1: A schematic overview of the frequency-domain multiplexor. The red com-
ponents indicate warm electronic elements. The Series SQUID Array (SSAs shown
in blue)transducers are held near 4K. Lastly the LC-coupled bolometers are cooled
to approximately 250 mK and are shown here in green.
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Demodulate... just like AM radio

Dobbs et al., Rev. Sci. Instrum. 83, 073113 (2012)



TES-based CMB bolometers

JPL

UCB



CMB bolometer arrays



The South Pole Telescope
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Polar properties:

Its very dry.

(A.P. Lane 1998)

Good sky reduces atmospheric loading and allows big chop.

Its cold!

Average temp in winter ~ -80F.



They Work (very well)!

2500 deg2
Story et al., arXiv:1210.7231



They Work (very well)!

Story et al., arXiv:1210.7231



Signs of the CvB?12
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Fig. 5.— The one-dimensional marginalized likelihoods of the six parameters of the ⇤CDM model, plus two derived parameters: the dark
energy density ⌦⇤ and the Hubble constant H0. The constraints are shown for the SPT-only (blue dot-dashed lines), WMAP7-only
(red dashed lines), and SPT+WMAP7 (black solid lines) datasets. With the exception of ⌧ , the SPT bandpowers constrain the
parameters approximately as well as WMAP7 alone. In particular, the SPT bandpowers measure the angular sound horizon ✓s extremely
well because they measure seven acoustic peaks. In the SPT-only constraints, the WMAP7 measurement of ⌧ has been applied as a prior;
because of this we do not plot an SPT-only line on the ⌧ plot.

TABLE 3
⇤CDM Parameter Constraints from the CMB and external datasets

Parameter WMAP7 SPT(a) CMB CMB+H0 CMB+BAO CMB+H0+BAO
(SPT+WMAP7)

Baseline parameters
100⌦bh

2 2.231± 0.055 2.30± 0.11 2.229± 0.037 2.233± 0.035 2.204± 0.034 2.214± 0.034
⌦ch2 0.1128± 0.0056 0.1056± 0.0072 0.1093± 0.0040 0.1083± 0.0033 0.1169± 0.0020 0.1159± 0.0019
109�2

R 2.197± 0.077 2.164± 0.097 2.142± 0.061 2.138± 0.062 2.161± 0.057 2.160± 0.057
ns 0.967± 0.014 0.926± 0.029 0.9623± 0.0097 0.9638± 0.0090 0.9515± 0.0082 0.9538± 0.0081

100 ✓s 1.0396± 0.0027 1.0441± 0.0012 1.0429± 0.0010 1.0430± 0.0010 1.04215± 0.00098 1.04236± 0.00097
⌧ 0.087± 0.015 0.087± 0.015 0.083± 0.014 0.084± 0.014 0.076± 0.012 0.077± 0.013

Derived parameters(b)

⌦⇤ 0.724± 0.029 0.772± 0.033 0.750± 0.020 0.755± 0.016 0.709± 0.011 0.7152± 0.0098
H0 70.0± 2.4 75.0± 3.5 72.5± 1.9 73.0± 1.5 69.11± 0.85 69.62± 0.79
�8 0.819± 0.031 0.772± 0.035 0.795± 0.022 0.791± 0.019 0.827± 0.015 0.823± 0.015
zEQ 3230± 130 3080± 170 3146± 95 3124± 78 3323± 50 3301± 47

100 rs
DV

(z = 0.35) 11.43± 0.37 12.15± 0.55 11.81± 0.29 11.89± 0.24 11.28± 0.12 11.35± 0.12

100 rs
DV

(z = 0.57) 7.58± 0.21 7.98± 0.31 7.80± 0.16 7.84± 0.13 7.505± 0.068 7.545± 0.065

Notes: The constraints on cosmological parameters from the ⇤CDM model, given five di↵erent combinations of datasets.
We report the median of the likelihood distribution and the symmetric 68.3% confidence interval about the mean.

(a) We impose a WMAP7-based prior of ⌧ = 0.088± 0.015 for the SPT-only constraints.
(b) Derived parameters are calculated from the baseline parameters in CosmoMC. They are defined at the end of § 6.1.

Story et al., arXiv:1210.7231
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Fig. 5.— The one-dimensional marginalized likelihoods of the six parameters of the ⇤CDM model, plus two derived parameters: the dark
energy density ⌦⇤ and the Hubble constant H0. The constraints are shown for the SPT-only (blue dot-dashed lines), WMAP7-only
(red dashed lines), and SPT+WMAP7 (black solid lines) datasets. With the exception of ⌧ , the SPT bandpowers constrain the
parameters approximately as well as WMAP7 alone. In particular, the SPT bandpowers measure the angular sound horizon ✓s extremely
well because they measure seven acoustic peaks. In the SPT-only constraints, the WMAP7 measurement of ⌧ has been applied as a prior;
because of this we do not plot an SPT-only line on the ⌧ plot.
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Fig. 13.— The marginalized one-dimensional posteriors for ✓d/✓s (left) and Ne↵ (right) from various combinations of datasets. The
constraint on Ne↵ in the ⇤CDM+Ne↵ model for di↵erent combinations of datasets can be interpreted from the corresponding ✓d/✓s
posterior. The shift in ✓d/✓s between broad WMAP7 (dot-dashed blue curve) and SPT (dashed blue curve) implies a preference for lower
Ne↵ with SPT than WMAP7. The Ne↵ posterior of SPT+WMAP7 is shown by the solid black curve. The tighter constraints on Ne↵ can
be obtained by adding H0 (black dotted curve) and combining CMB, BAO, and H0 (solid orange curve).

two datasets. As a result, the uncertainty in Ne↵ is pri-
marily due to the uncertainty in ✓d. In ⇤CDM, ✓d is
primarily constrained from the WMAP7 determinations
of !b and !m – not by the damping tail measurement.
Freeing Ne↵ greatly broadens the WMAP7 constraint on
✓d due to a degeneracy between Ne↵ and !m. With Ne↵
free, the SPT determination of ✓d from the damping tail
becomes tighter than that from WMAP7.
Constraints on Ne↵ are shown in the right panel of

Figure 13. The dot-dashed blue curve marks the broad
WMAP7 posterior; Komatsu et al. (2011) find Ne↵ >
2.7 (95% CL) using WMAP7 alone. As expected from
the observed shift in ✓d/✓s between WMAP7 and SPT,
the SPT data prefer lower values of Ne↵ than WMAP7.
Adding the SPT data to WMAP7 markedly improves
the measurement as shown by the black curve. The joint
SPT+WMAP7 constraint is:

Ne↵ = 3.62± 0.48,

representing a 20% reduction in uncertainty from the
constraint determined from the WMAP7+K11 band-
powers. For the CMB data, the probability that Ne↵ >
3.046 is 89%.
We now turn to the addition of the late-time BAO and

H0 data. When zeq is held fixed at its well-measured
value from the CMB, increasing the e↵ective number of
neutrino species results in an increased expansion rate,
which decreases rs. Since ✓s is well constrained, this re-
sults in a decrease in the angular-diameter distance DA,
and thusDV . The end result is that, for the BAO observ-
able rs/DV , the changes largely cancel. The CMB+BAO
constraint is Ne↵ = 3.50 ± 0.47. The direct H0 mea-
surement is more sensitive to the value of Ne↵ . How-
ever, the H0 and CMB datasets prefer similar values of
H0and the preferred value of Ne↵ hardly moves when
H0 data is added. The resulting CMB+H0 constraint
is Ne↵ = 3.46 ± 0.35. The significance of the prefer-

ence for Ne↵ > 3.046 is largely unchanged between these
three cases: the CMB, CMB+BAO, and CMB+H0 pre-
fer Ne↵ > 3.046 at 1.2�, 1.0�, and 1.2�, respectively.
Though adding BAO or H0 data individually to the

CMB data slightly reduces the preferred value of Ne↵ ,
combining all three datasets has the opposite e↵ect of
shifting the distribution towards slightly higher Ne↵ .
The joint CMB+BAO+H0 constraint is:

Ne↵ = 3.71± 0.35

a 1.9� preference for Ne↵ > 3.046. The reasons for this
shift can be seen in Figure 3. Increasing Ne↵ moves
the CMB-predicted H0 and BAO quantities towards the
measured values. This ability of high Ne↵ to reconcile
the CMB with BAO and H0 has been noted previously
by, e.g., Anderson et al. (2012). The inclusion of the
BAO and H0 information leads to a small upward shift
in the value of Ne↵ ; a higher value of Ne↵ is required
to reduce the tension between these datasets than that
inferred from the CMB determination of ✓d/✓s.
These Ne↵ constraints depend on the modeling as-

sumptions. The e↵ective number of neutrino species
is partially degenerate with several other extensions
to ⇤CDM including dns/d ln k (which shifts the CMB
datasets preferred value of Ne↵ down to Ne↵ =
2.56+0.70

�0.63), the primordial helium abundance (considered
in § 9.1), and the summed neutrino mass (considered in
§ 9.2). The mild preference for Ne↵ > 3 disappears when
either dns/d ln k or Yp are freed; however, the preference
remains when freeing

P
m⌫ .

In summary, CMB data primarily constrain Ne↵
through measurements of the ratio ✓d/✓s. AddingH0 and
BAO measurements tightens this constraint and leads to
a 1.9� preference for more than 3 neutrino species. How-
ever the significance of the preference is sensitive to the
addition of further model extensions.

Including Neff gives

Neff = 3.62±0.48 (SPT & WMAP7)

      = 3.71±0.35 (SPT, WMAP7, BAO, H0)

Story et al., arXiv:1210.7231

Hou et al., arXiv:1212.6267



First discovery of new clusters via SZ effect

• Inverse Compton scattering of CMB photons off hot cluster gas

No. 1, 2009 GALAXY CLUSTERS DISCOVERED WITH A SUNYAEV-ZEL’DOVICH EFFECT SURVEY 37

Table 1
Cluster Detections

ID R.A. Decl. S/N at 95 GHz 225 GHz Best θcore Best y0 × 104

150 GHz

SPT-CL 0517-5430 79.144 −54.506 −8.8 −3.4 −0.4 1.′5 0.97 ± 0.13
SPT-CL 0547-5345 86.650 −53.756 −7.4 −3.9 1.9 0.′5 1.31 ± 0.21
SPT-CL 0509-5342 77.333 −53.702 −6.0 −3.4 0.1 1.′25 0.67 ± 0.12
SPT-CL 0528-5300 82.011 −52.998 −5.6 −2.6 −1.3 0.′5 1.00 ± 0.19

Notes. R.A. and decl. are in units of degrees (J2000). The value of θcore reported here is that which maximized the S/N of each cluster
in the filtered 150 GHz maps (out of the 14 values of θcore in steps of 0.′25) and should be interpreted only as a rough measure of that
cluster’s angular scale. The value of y0 reported for each cluster is the value in the 150 GHz map filtered at the best values of θcore.
The uncertainty on the value of y0 is calculated for θcore fixed at the best value. Once we fix β and θcore, y0 is the only remaining
free parameter, so the fractional uncertainty on y0 is simply equal to the inverse of the 150 GHz S/N in quadrature with the 150 GHz
calibration uncertainty.

40 deg2 for the signal-to-noise ratio (S/N) of the least significant
cluster candidate listed in Table 1 and Figure 1. Furthermore,
a disproportionately large fraction of the false detections occur
when the simulated maps are filtered with the smallest scale
optimal filter—which is not surprising, given that there are more
independent resolution elements in this filtered map than in the
maps filtered for detection of larger-scale objects. If we restrict
the filtering of the simulated maps to the scales on which the
four clusters in Table 1 are most effectively detected, the false
rate above 5.5σ drops below 0.01 per 40 deg2.

3. RESULTS

In this section, we present the four highest significance
cluster candidates found by our matched filter in the 150 GHz
map of the ∼40 deg2 BCS5h30 field. The highest significance
candidate in our field was previously identified as a cluster in
the Abell supplementary southern catalog (Abell et al. 1989), in
which it is identified as AS0520, and in the ROSAT-ESO Flux
Limited X-ray (REFLEX) survey (Böhringer et al. 2004), in
which it is identified as RXCJ0516.6-5430. The remaining three
cluster candidates are new discoveries. Based on the simulated
observations described in Section 2.5, there is roughly a 2%
chance that our lowest significance detection is false; the chances
that any of the top three are false detections are significantly
smaller than 1%.

To confirm that these detections have a thermal SZ spectrum,
we look in filtered versions of our 95 GHz and 225 GHz maps
at the locations of the 150 GHz detections. To check each object
at the other two frequencies, we use a single-frequency filtered
map—created using a matched filter as described in Section
2.4 with the cluster spatial profile that produced the highest
significance for that object in the 150 GHz map—and look
at the single map pixel that corresponds to the center of the
150 GHz detection. The use of this method, and the fact that
the pixel distributions in the filtered maps are Gaussian to a
high degree of precision, allows us to easily interpret the S/N
at the cluster candidate locations in the 95 GHz and 225 GHz
maps.

The candidate locations, the S/N at that location in the filtered
map in each of our observing bands, the value of θcore that
maximized the S/N at 150 GHz, and the value of the best-fit
central Comptonization parameter, y0, for that value of θcore
are presented in Table 1. We emphasize that this value of θcore
is the result of a search over a very coarse grid in parameter
space using a model that may not be an accurate description
of the detailed cluster morphology. It is also reported without
a confidence interval. As such, it should be interpreted only as
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Figure 1. Images of four galaxy clusters found in the SPT SZ survey. In each
panel, the region shown is a 20 by 20 arcmin box centered on the cluster. All
images are oriented with north up and east to the left. In the top row, we show
the beam-smoothed 150 GHz map, and the scale has units of µKCMB. The
lower three rows show the 150, 95, and 225 GHz maps filtered using a β = 1
model with the θcore listed in Table 1. The ringing on either side of the cluster
in the 150 GHz filtered maps is an artifact of the filtering. The scale gives
detection significance in σ . The detections at 95 GHz range in significance from
2.5σ to 3.9σ (see Table 1) and provide supporting evidence for the 150 GHz
cluster detections. Our 225 GHz maps are consistent with noise at these four
locations (see Table 1 and Section 3), providing another cross-check that the
data are consistent with SZ sources. The first cluster shown here, SPT-CL 0517-
5430, was previously identified in the REFLEX X-ray cluster survey, in which
it is identified as RXCJ0516.6-5430 and in the Abell supplementary southern
catalog, in which it is identified as AS0520.

a rough measure of the angular scale of the cluster candidates.
Similarly, the value of y0 and the uncertainty on that value
reported in the table are the results of an effective one-parameter
fit to the data with β fixed at 1 and θcore fixed at the grid value
that maximized detection significance.

Images of all four candidates in the filtered maps are shown
in Figure 1. Two things are immediately evident from the
S/N values in the table and the images in the figure: (1) from
the significance of the 150 GHz detections alone, all of the
candidates are inconsistent with noise fluctuations. (They are
also inconsistent with emission from sources such as radio-loud
AGNs or dusty protogalaxies because of the polarity of the
signal.) (2) From the 95 and 225 GHz images and detection
significances, all four detections appear consistent with thermal
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SPT-CL 0517-5430 79.144 −54.506 −8.8 −3.4 −0.4 1.′5 0.97 ± 0.13
SPT-CL 0547-5345 86.650 −53.756 −7.4 −3.9 1.9 0.′5 1.31 ± 0.21
SPT-CL 0509-5342 77.333 −53.702 −6.0 −3.4 0.1 1.′25 0.67 ± 0.12
SPT-CL 0528-5300 82.011 −52.998 −5.6 −2.6 −1.3 0.′5 1.00 ± 0.19

Notes. R.A. and decl. are in units of degrees (J2000). The value of θcore reported here is that which maximized the S/N of each cluster
in the filtered 150 GHz maps (out of the 14 values of θcore in steps of 0.′25) and should be interpreted only as a rough measure of that
cluster’s angular scale. The value of y0 reported for each cluster is the value in the 150 GHz map filtered at the best values of θcore.
The uncertainty on the value of y0 is calculated for θcore fixed at the best value. Once we fix β and θcore, y0 is the only remaining
free parameter, so the fractional uncertainty on y0 is simply equal to the inverse of the 150 GHz S/N in quadrature with the 150 GHz
calibration uncertainty.

40 deg2 for the signal-to-noise ratio (S/N) of the least significant
cluster candidate listed in Table 1 and Figure 1. Furthermore,
a disproportionately large fraction of the false detections occur
when the simulated maps are filtered with the smallest scale
optimal filter—which is not surprising, given that there are more
independent resolution elements in this filtered map than in the
maps filtered for detection of larger-scale objects. If we restrict
the filtering of the simulated maps to the scales on which the
four clusters in Table 1 are most effectively detected, the false
rate above 5.5σ drops below 0.01 per 40 deg2.

3. RESULTS

In this section, we present the four highest significance
cluster candidates found by our matched filter in the 150 GHz
map of the ∼40 deg2 BCS5h30 field. The highest significance
candidate in our field was previously identified as a cluster in
the Abell supplementary southern catalog (Abell et al. 1989), in
which it is identified as AS0520, and in the ROSAT-ESO Flux
Limited X-ray (REFLEX) survey (Böhringer et al. 2004), in
which it is identified as RXCJ0516.6-5430. The remaining three
cluster candidates are new discoveries. Based on the simulated
observations described in Section 2.5, there is roughly a 2%
chance that our lowest significance detection is false; the chances
that any of the top three are false detections are significantly
smaller than 1%.

To confirm that these detections have a thermal SZ spectrum,
we look in filtered versions of our 95 GHz and 225 GHz maps
at the locations of the 150 GHz detections. To check each object
at the other two frequencies, we use a single-frequency filtered
map—created using a matched filter as described in Section
2.4 with the cluster spatial profile that produced the highest
significance for that object in the 150 GHz map—and look
at the single map pixel that corresponds to the center of the
150 GHz detection. The use of this method, and the fact that
the pixel distributions in the filtered maps are Gaussian to a
high degree of precision, allows us to easily interpret the S/N
at the cluster candidate locations in the 95 GHz and 225 GHz
maps.

The candidate locations, the S/N at that location in the filtered
map in each of our observing bands, the value of θcore that
maximized the S/N at 150 GHz, and the value of the best-fit
central Comptonization parameter, y0, for that value of θcore
are presented in Table 1. We emphasize that this value of θcore
is the result of a search over a very coarse grid in parameter
space using a model that may not be an accurate description
of the detailed cluster morphology. It is also reported without
a confidence interval. As such, it should be interpreted only as
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Figure 1. Images of four galaxy clusters found in the SPT SZ survey. In each
panel, the region shown is a 20 by 20 arcmin box centered on the cluster. All
images are oriented with north up and east to the left. In the top row, we show
the beam-smoothed 150 GHz map, and the scale has units of µKCMB. The
lower three rows show the 150, 95, and 225 GHz maps filtered using a β = 1
model with the θcore listed in Table 1. The ringing on either side of the cluster
in the 150 GHz filtered maps is an artifact of the filtering. The scale gives
detection significance in σ . The detections at 95 GHz range in significance from
2.5σ to 3.9σ (see Table 1) and provide supporting evidence for the 150 GHz
cluster detections. Our 225 GHz maps are consistent with noise at these four
locations (see Table 1 and Section 3), providing another cross-check that the
data are consistent with SZ sources. The first cluster shown here, SPT-CL 0517-
5430, was previously identified in the REFLEX X-ray cluster survey, in which
it is identified as RXCJ0516.6-5430 and in the Abell supplementary southern
catalog, in which it is identified as AS0520.

a rough measure of the angular scale of the cluster candidates.
Similarly, the value of y0 and the uncertainty on that value
reported in the table are the results of an effective one-parameter
fit to the data with β fixed at 1 and θcore fixed at the grid value
that maximized detection significance.

Images of all four candidates in the filtered maps are shown
in Figure 1. Two things are immediately evident from the
S/N values in the table and the images in the figure: (1) from
the significance of the 150 GHz detections alone, all of the
candidates are inconsistent with noise fluctuations. (They are
also inconsistent with emission from sources such as radio-loud
AGNs or dusty protogalaxies because of the polarity of the
signal.) (2) From the 95 and 225 GHz images and detection
significances, all four detections appear consistent with thermal
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Table 1
Cluster Detections

ID R.A. Decl. S/N at 95 GHz 225 GHz Best θcore Best y0 × 104

150 GHz

SPT-CL 0517-5430 79.144 −54.506 −8.8 −3.4 −0.4 1.′5 0.97 ± 0.13
SPT-CL 0547-5345 86.650 −53.756 −7.4 −3.9 1.9 0.′5 1.31 ± 0.21
SPT-CL 0509-5342 77.333 −53.702 −6.0 −3.4 0.1 1.′25 0.67 ± 0.12
SPT-CL 0528-5300 82.011 −52.998 −5.6 −2.6 −1.3 0.′5 1.00 ± 0.19

Notes. R.A. and decl. are in units of degrees (J2000). The value of θcore reported here is that which maximized the S/N of each cluster
in the filtered 150 GHz maps (out of the 14 values of θcore in steps of 0.′25) and should be interpreted only as a rough measure of that
cluster’s angular scale. The value of y0 reported for each cluster is the value in the 150 GHz map filtered at the best values of θcore.
The uncertainty on the value of y0 is calculated for θcore fixed at the best value. Once we fix β and θcore, y0 is the only remaining
free parameter, so the fractional uncertainty on y0 is simply equal to the inverse of the 150 GHz S/N in quadrature with the 150 GHz
calibration uncertainty.

40 deg2 for the signal-to-noise ratio (S/N) of the least significant
cluster candidate listed in Table 1 and Figure 1. Furthermore,
a disproportionately large fraction of the false detections occur
when the simulated maps are filtered with the smallest scale
optimal filter—which is not surprising, given that there are more
independent resolution elements in this filtered map than in the
maps filtered for detection of larger-scale objects. If we restrict
the filtering of the simulated maps to the scales on which the
four clusters in Table 1 are most effectively detected, the false
rate above 5.5σ drops below 0.01 per 40 deg2.

3. RESULTS

In this section, we present the four highest significance
cluster candidates found by our matched filter in the 150 GHz
map of the ∼40 deg2 BCS5h30 field. The highest significance
candidate in our field was previously identified as a cluster in
the Abell supplementary southern catalog (Abell et al. 1989), in
which it is identified as AS0520, and in the ROSAT-ESO Flux
Limited X-ray (REFLEX) survey (Böhringer et al. 2004), in
which it is identified as RXCJ0516.6-5430. The remaining three
cluster candidates are new discoveries. Based on the simulated
observations described in Section 2.5, there is roughly a 2%
chance that our lowest significance detection is false; the chances
that any of the top three are false detections are significantly
smaller than 1%.

To confirm that these detections have a thermal SZ spectrum,
we look in filtered versions of our 95 GHz and 225 GHz maps
at the locations of the 150 GHz detections. To check each object
at the other two frequencies, we use a single-frequency filtered
map—created using a matched filter as described in Section
2.4 with the cluster spatial profile that produced the highest
significance for that object in the 150 GHz map—and look
at the single map pixel that corresponds to the center of the
150 GHz detection. The use of this method, and the fact that
the pixel distributions in the filtered maps are Gaussian to a
high degree of precision, allows us to easily interpret the S/N
at the cluster candidate locations in the 95 GHz and 225 GHz
maps.

The candidate locations, the S/N at that location in the filtered
map in each of our observing bands, the value of θcore that
maximized the S/N at 150 GHz, and the value of the best-fit
central Comptonization parameter, y0, for that value of θcore
are presented in Table 1. We emphasize that this value of θcore
is the result of a search over a very coarse grid in parameter
space using a model that may not be an accurate description
of the detailed cluster morphology. It is also reported without
a confidence interval. As such, it should be interpreted only as
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Figure 1. Images of four galaxy clusters found in the SPT SZ survey. In each
panel, the region shown is a 20 by 20 arcmin box centered on the cluster. All
images are oriented with north up and east to the left. In the top row, we show
the beam-smoothed 150 GHz map, and the scale has units of µKCMB. The
lower three rows show the 150, 95, and 225 GHz maps filtered using a β = 1
model with the θcore listed in Table 1. The ringing on either side of the cluster
in the 150 GHz filtered maps is an artifact of the filtering. The scale gives
detection significance in σ . The detections at 95 GHz range in significance from
2.5σ to 3.9σ (see Table 1) and provide supporting evidence for the 150 GHz
cluster detections. Our 225 GHz maps are consistent with noise at these four
locations (see Table 1 and Section 3), providing another cross-check that the
data are consistent with SZ sources. The first cluster shown here, SPT-CL 0517-
5430, was previously identified in the REFLEX X-ray cluster survey, in which
it is identified as RXCJ0516.6-5430 and in the Abell supplementary southern
catalog, in which it is identified as AS0520.

a rough measure of the angular scale of the cluster candidates.
Similarly, the value of y0 and the uncertainty on that value
reported in the table are the results of an effective one-parameter
fit to the data with β fixed at 1 and θcore fixed at the grid value
that maximized detection significance.

Images of all four candidates in the filtered maps are shown
in Figure 1. Two things are immediately evident from the
S/N values in the table and the images in the figure: (1) from
the significance of the 150 GHz detections alone, all of the
candidates are inconsistent with noise fluctuations. (They are
also inconsistent with emission from sources such as radio-loud
AGNs or dusty protogalaxies because of the polarity of the
signal.) (2) From the 95 and 225 GHz images and detection
significances, all four detections appear consistent with thermal
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Fig. 17.— The H0 � rs/DV plane for the two-parameter extension ⇤CDM+Ne↵+
P

m⌫ with the color of scattered points coding the
values of Ne↵ (left panel) and

P
m⌫ (right panel). The colored contours and the gray filled regions are as described in Figure 3.
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Fig. 18.— This figure demonstrates the impact of each combina-
tion of datasets on the constraints on

P
m⌫ and Ne↵ . The shaded

contours are the 68% and 95% confidence intervals for the fol-
lowing data combinations: SPT+WMAP7 (CMB; red), CMB+H0
(green), CMB+H0+BAO (blue), CMB+H0+BAO+SPTCL (pur-
ple). The combined data are in > 2� tension with the ⇤CDM
assumption of three massless neutrino species.

CMB+BAO+H0 we find:
X

m⌫ =(0.48± 0.21) eV, (19)

Ne↵ =3.89± 0.37.

As should be expected from § 6, the mass constraint can
be improved by adding a tracer of structure growth. For
CMB+BAO+H0+SPTCL (the purple contours, we find
the tightest constraint of

X
m⌫ =(0.51± 0.15) eV, (20)

Ne↵ =3.86± 0.37.

This is a greater than 3� preference for
P

m⌫ > 0 and
a 2.2� preference for Ne↵ > 3.046.

10. CONCLUSIONS

The SPT bandpowers as presented in Story et al.
(2012) are currently the best measurements of the CMB
damping tail from the third to ninth acoustic peaks
(650 . l . 3000). The SPT bandpowers greatly improve
measurements of three CMB observables: the damp-
ing scale due to photon di↵usion, the locations of the
acoustic peaks, and the amplitude of the lensing poten-
tial. The combined CMB data show a slight, reddening,
scale-dependent tilt unreproducible in the ⇤CDM model.
Therefore, we find that while the SPT bandpowers are
well-fit by a ⇤CDM cosmology, there are tantalizing hints
for extensions to this model.
With the aid of Table 5, we now summarize our most

intriguing findings. The extension that the CMB data
most prefer (at 2.4 �) is the running of the spectral in-
dex, dns/d ln k. This extension improves the fit to the
CMB data, reducing the minimum �2 by ��2 = 4.9
from that achieved with ⇤CDM. We find, for the CMB
alone, dns/d ln k = �0.024 ± 0.011. Negative running
of the spectral index reconciles the slightly redder spec-
tral index preferred by the SPT data with the slightly
bluer tilt preferred by the WMAP7 data; the same value
of running is preferred by the WMAP7 data alone, al-
though only at ⇠ 1�. The combination of CMB, BAO,
and H0 data prefers more negative running, dns/d ln k =
�0.028± 0.010. Deviations from scale invariance of this
magnitude are not expected in standard inflationary sce-
narios.
Increasing the primordial helium abundance increases

the damping scale which has a similar impact as neg-
ative running on the CMB power spectrum. Freeing
the helium abundance reduces the minimum �2 of the
combined CMB fit by ��2 = 4.4, resulting in Yp =
0.300 ± 0.025. However, this value of Yp exceeds the
protosolar 95% confidence upper limit of Yp < 0.294. A
summary of which extensions the CMB prefer can be
found in Table 5.
We also find that some extensions are more motivated
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Weak lensing

• Measure “magnification” from weak gravitational lensing of the CMB

• Reconstruct deflection potential (DM distribution)
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Table 1
χ2 Values and Maximum Likelihood Fits for Each Field

Field Name χ2(A0
lens = 1) χ2(A0

lens = 0) Best-fit A0
lens

Div (all-l) Div (l-split) Curl Div (all-l) Div (l-split) Curl Div (all-l) Div (l-split) Curl

ra5h30dec-55 12.0 4.0 18.7 31.0 5.1 20.0 1.40 ± 0.45 0.58 ± 0.60 1.1+1.3
−1.1

ra23h30dec-55 14.3 14.3 12.0 21.7 22.4 12.3 0.77 ± 0.39 1.92 ± 0.69 0.2+1.3
−0.2

ra3h30dec-60 10.6 13.9 13.4 25.2 20.6 17.9 0.84 ± 0.28 0.90 ± 0.38 2.0+0.9
−0.9

ra21hdec-60 22.5 5.1 16.3 31.3 6.7 16.3 0.63 ± 0.26 0.60 ± 0.47 0.1+1.0
−0.1

Total (number of points) 59.4 (56) 37.2 (36) 60.4 (56) 109.3 (56) 54.8 (36) 66.6 (56) 0.86 ± 0.16 0.91 ± 0.25 0.98 ± 0.55

Notes. The field-by-field χ2 values, with each all-l spectrum consisting of 14 points and each l-split spectrum having 9 points, together with the field-by-field best-fit
A0

lens for the different spectra. The curl uncertainties are asymmetric within each field because we have assumed A0
lens ! 0.
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Figure 6. Comparison of the derived lensing bandpowers from SPT and ACT
(Das et al. 2011b). Although we show the lowest-L data point, centered at
L = 50, we do not use this point in our fits due to the possible interaction with
the subtraction of the apodization feature (Section 4.1.2) on this large scale. The
solid curve is not a fit to the data; rather, it is the lensing power spectrum in our
fiducial ΛCDM cosmology, corresponding to A0

lens = 1.
(A color version of this figure is available in the online journal.)

terms of the difference in the likelihood function between zero
and the best-fit A0

lens, taking the total likelihood as the sum of
likelihoods for the individual fields. Using the divergence signal
in the all-l maps, the best-fit lensing amplitude is found to be
0.86 ± 0.16. A substantial component of this uncertainty comes
from the uncertainty associated with the N

(0)
L removal; in the

absence of this uncertainty, the error bar would be ±0.11.
The values of χ2, the second term in Equation (19), are shown

in Table 1 for the individual fields. For A0
lens = 1 (not the best

fit), the highest χ2 value for any field still has a 7% probability
of observing a higher value, and the total χ2 for all 56 points has
a probability of 35% of observing a higher value. In contrast,
all of the fields have higher χ2 for a model with no gravitational
lensing, and the sum of the fields has a χ2 with a probability of
observing a higher value of 8 × 10−5.

The l-split technique shows a clear lensing detection with
A0

lens = 0.91 ± 0.25. As expected, the signal to noise is
substantially lower, but recall that this lensing power spectrum
does not suffer from the issues of noise bias that present a
challenge for the result that uses the all-l maps.

Using only the curl signal in the all-l maps, we find a value
for the lensing amplitude which is consistent with those from
the other approaches, A0

lens = 0.98 ± 0.55. The lensing signal
in this mode is due to the equivalent of the N

(1)
L bias mentioned

above and discussed in more detail in the Appendix.

Table 2
SPT Lensing Bandpowers

L L4C
φφ
L /2π/10−7 σ (L4C

φφ
L /2π/10−7)

150 0.741 0.175
250 0.366 0.119
350 0.291 0.098
450 0.077 0.085
550 0.062 0.067
650 0.025 0.067
750 0.106 0.054
850 0.060 0.047
950 0.112 0.047
1050 0.031 0.068
1150 −0.009 0.064
1250 0.065 0.066
1350 0.030 0.052
1450 0.063 0.055

Notes. The lensing bandpowers, as shown in Figure 6.
Each value represents a band of width ∆L = 100,
centered at the given value of L. The final column
shows the error within the given band, obtained from
simulations. The bandpowers of the lensing convergence
κ are related to those of the potential φ according to
Cκκ

L = (1/4)L4C
φφ
L .

The majority of the uncertainty in the measurement originates
from the CMB fluctuations, rather than instrumental noise
fluctuations. If the analysis we have performed were repeated on
data from an experiment with temperature noise levels that are
10% higher than the 18 µK′, CMB lensing would be detected
with a significance that is decreased by ∼4%. Substantial gains
in signal-to-noise ratio can instead be obtained by observing
more area of CMB sky.

Figure 6 shows the product of the derived lensing amplitudes
as a function of L and the reference lensing power spectrum
used in our simulations, A0

lens(L)Cφφ
L . This represents our best

estimate of the lensing power spectrum. These bandpowers are
also shown in Table 2. The N

(1)
L and N

(2)
L biases lead to non-local

distortions of the lensing power spectrum. However, if the shape
and amplitude of the true lensing power spectrum is similar to
that in the assumed power spectrum, then the true biases will
not be significantly different than what is assumed.

6.2. Cosmological Parameter Estimation with Extra
Information from Lensing

The power spectrum of the CMB lensing potential is sensitive
to total matter fluctuations over a wide redshift range (peaking
at z ∼ 2), and mainly on scales which are in the linear regime

12
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Fig. 16.— This plot contrasts the CMB-derived two-dimensional
likelihood contours for Ne↵ and Yp with the predictions of BBN
and other Yp measurements. The black solid contours are the 68%
and 95% confidence intervals for SPT+WMAP7. The scattered
points are samples from the Markov chain with the color encoding
the value of ✓d/✓s. The dashed black curve marks the standard
BBN relationship between Ne↵ and Yp. Similar to the right panel
of Figure 14, the gray area is ruled out by the 95% upper limit of
the measurement of solar initial helium abundance by Serenelli &
Basu (2010). The Yp measurement from spectral observations of
extragalactic low-metallicity ionized gas clouds by Peimbert et al.
(2007) and Aver et al. (2012) are shown by the light blue and red
bands respectively.

& Basu 2010) is greyed out. We also plot the Peim-
bert et al. (2007) and Aver et al. (2012) estimates of Yp

based on spectroscopic observations of low-metallicity ex-
tragalactic clouds (see § 8.2) as horizontal bands. The
CMB+BAO+H0 inference for the helium abundance is
consistent with the spectroscopic observations of Aver
et al. (2012) at 1.3�.
In summary, the CMB data can constrain Yp and

Ne↵ simultaneously by measuring the damping scale and
the location of the acoustic peaks. The combination of
CMB+BAO+H0 prefers a value of Ne↵ which is con-
sistent with three neutrinos species and a value of Yp

slightly above the BBN prediction.

9.2. Ne↵ and
P

m⌫

We finally focus on a two-parameter extension,
⇤CDM+

P
m⌫+Ne↵ , in which both the mass and num-

ber of neutrino species are freed. This is a well-
motivated, natural model expansion of the individualP

m⌫ and Ne↵ extensions discussed earlier since (1) neu-
trino oscillation experiments have established that neu-
trinos are massive (Hamish Robertson 2009) and (2) the
event excess in the MiniBooNE search for ⌫̄µ ! ⌫̄e oscil-
lations (Aguilar-Arevalo et al. 2010) and the reactor an-
tineutrino anomalies (Mention et al. 2011) suggest one or
more massive (⇠ 1 eV) sterile neutrino species. We will
continue to assume equal masses in all neutrino species.
For treatments of (3+1) or (3+2) models in the litera-
ture, see e.g. Kopp et al. (2011) or Giunti & Laveder
(2011).
Cosmological observations can rule out large ar-

eas of the Ne↵ -
P

m⌫ plane. Benson et al. (2011)
investigated constraints from WMAP7, K11, BAO,
H0, and SPT galaxy clusters, and found Ne↵ =
3.91 ± 0.42 and

P
m⌫ = (0.34 ± 0.17) eV. A

more recent study by Riemer-Sørensen et al. (2012b)
used WMAP7+K11+WiggleZ+H(z)+SNLS3 to mea-
sure Ne↵ = 3.58+0.15

�0.16 (68% CL) and
P

m⌫ <
0.60 eV (95% CL). The tightness of the constraints on
Ne↵ from this study are driven by the inclusion of the
H(z) inference from measuring the age-redshift relation
of passively evolving galaxies out to z ⇠ 1.75 (Moresco
et al. 2012), which depends heavily on modeling stel-
lar evolution. The extended arm out to higher redshifts
provides greater constraining power on the expansion his-
tory, placing constraints on Ne↵ ; conversely, this infor-
mation has little impact on the neutrino mass constraint.
As discussed in § 4.2, this two-parameter exten-

sion significantly improves the quality of fit to the
CMB+BAO+H0 data by �2 = 7.9, equivalent to a 2.3�
Gaussian preference. This model also increases the con-
sistency between the CMB, BAO, and H0 datasets, as il-
lustrated by Figure 17. Both panels show the rs/DV (z =
0.57)–H0 plane and are identical except for the color-
coding, which encodes Ne↵ in the left panel and

P
m⌫

in the right panel. Like the ⇤CDM+Ne↵ model shown in
Figure 3, this 2-parameters extension allows the contours
from the three datasets to overlap comfortably.
Ne↵ and

P
m⌫ are individually constrained by sepa-

rate features in the CMB as described in § 6 and § 8.1
– the early ISW e↵ect for

P
m⌫ , the damping scale and

the position of the acoustic peaks for Ne↵ . We can use
Figure 17 to understand phenomenologically the relative
interplay between Ne↵ ,

P
m⌫ , H0, and the BAO fea-

tures, given a CMB prior. In the left panel, Ne↵ in-
creases as H0 increases and rs/DV decreases. The de-
tailed direction means that the H0 measurement is much
more constraining than BAO for Ne↵ , similar to the con-
straint on individual Ne↵ discussed in § 8.1. In the right
panel, the BAO data are critical for the neutrino mass
measurement, whereas varying H0 at fixed rs/DV (hori-
zontal lines in the figure) has almost no e↵ect on

P
m⌫ .

This can also be seen by the significant tightening of the
inferred mass uncertainty between the green and blue
contours in Figure 18. We see in Figure 18 that there is
a positive correlation between Ne↵ and

P
m⌫ when H0

is one of the datasets. This correlation emerges because
the only way to increase Ne↵ in this model space while
fixing zeq, ✓s and H0 is to increase

P
m⌫ (and decrease

⌦⇤).
The CMB constraints on Ne↵ and

P
m⌫ are nearly

independent as shown by the red contours of Figure 18.
As would be expected for independent parameters, the
quality of the constraints are nearly unchanged from
the single-parameter extensions discussed earlier. The
Ne↵ constraint is Ne↵ = 3.40 ± 0.48 with massive neu-
trinos compared to Ne↵ = 3.62 ± 0.48 in the ear-
lier massless case. In both the ⇤CDM+

P
m⌫ and

⇤CDM+Ne↵+
P

m⌫ models, the CMB sets an upper
limit on the neutrino masses of

P
m⌫ < 1.6 eV (95%

CL). This independence is broken, and the constraints
significantly tightened, once low-redshift observations
are added. The green contours show the results of
including H0, while the blue contours show the con-
straints from CMB+BAO+H0. For the combination of
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Fig. 9.— Left panel: This panel demonstrates how the marginalized one-dimensional posterior distribution of
P

m⌫ changes when a
single external dataset is added to the CMB dataset. The CMB constraint is shown by the black solid line. The datasets added are the
BAO data (blue dot-dashed line), H0 measurement (blue dashed line), LRG sample (black dotted line), and SPT cluster data (orange solid
line). Right panel: This panel demonstrates how the marginalized one-dimensional posterior distribution of

P
m⌫ changes when a single

external dataset is removed from the combination of CMB+BAO+H0+SPTCL. The datasets dropped are the SPT bandpowers (orange
solid line), SPTCL (blue dashed line), BAO data (blue dot-dashed line), and H0 measurement (black dotted line). The marginalized
posterior for the combined CMB+BAO+H0+SPTCL dataset is shown by the black solid line.
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Fig. 10.— This figure illustrates the robustness of the neutrino
mass detection to other parameter extensions. The marginalized
one-dimensional posteriors for

P
m⌫ are shown for two-parameter

extensions to ⇤CDM for the combined CMB+BAO+H0+SPTCL
data sets (for w, SNe are used instead of H0). Allowing significant
curvature or running can significantly reduce the preference for
nonzero neutrino masses (to 1.7 and 2.4� respectively). Other
extensions increase the preference for positive neutrino masses.

The running parameter dns/d ln k is predicted to be
undetectable by most inflationary theories, and a de-
tection of non-zero dns/d ln k could provide information
about the inflationary potential (Kosowsky & Turner
1995), or point to models other than inflation. There
have been a number of recent CMB constraints on
running. Komatsu et al. (2011) obtain �0.084 <
dns/d ln k < 0.020 (95%CL) from WMAP7. Dunkley
et al. (2011) find dns/d ln k = �0.034 ± 0.018 from
WMAP7+ACT. K11 use the combination of WMAP7
data and the first 790 deg2 SPT survey data to obtain
dns/d ln k = �0.024 ± 0.013, a preference for negative
spectral running at 1.8�.

7.1. Constraints on dns/d ln k

We now look at the constraints on dns/d ln k from the
SPT bandpowers. As shown in the left panel of Figure 11,

adding the SPT bandpowers to WMAP7 dramatically
reduces the allowed likelihood volume, and leads to a
preference for negative running. For SPT+WMAP7, we
find:

dns/d ln k = �0.024± 0.011. (9)

The probability of negative running with the CMB data
is P (dns/d ln k  0) = 98.6%, equivalent to a 2.2�
Gaussian preference. The preference for negative run-
ning remains above 2� when the beam uncertainties are
doubled, when the priors on the three foreground ampli-
tudes (§ 2.1) are removed, and when we restrict the SPT
bandpowers to the l < 1500 range; we conclude that this
preference does not depend strongly on the SPT experi-
mental beam uncertainty or foreground modeling.
Adding BAO and H0 data marginally improves the

constraints and shifts the median to more negative
values. The combination CMB+BAO+H0 constrains
dns/d ln k to be

dns/d ln k = �0.028± 0.010. (10)

The small shift from the CMB constraint is driven al-
most entirely by the BAO data, which prefers smaller
values of H0. The probability of negative running with
the CMB+BAO+H0 data is P (dns/d ln k  0) = 99.7%,
equivalent to a 2.7� Gaussian preference.
We next consider how robust the preference for neg-

ative running is to other model extensions. Introduc-
ing tensor perturbations (by making the tensor-to-scalar
ratio r a free parameter) is a particularly natural ex-
tension in the context of inflationary models. How-
ever, the preference for running cannot be reduced by
non-zero tensor perturbations. Tensor modes would in-
crease the power at large scales without a↵ecting small
and intermediate scales. Adding tensor modes, there-
fore, increases the preference for negative running. In
a ⇤CDM+r+dns/d ln k cosmology, we obtain dns/d ln k
= �0.045 ± 0.016 for the CMB data and dns/d ln k
= �0.046± 0.015 for the CMB+BAO+H0.
More generally, the preference for negative running

might be reduced by any extension that also e↵ec-
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Fig. 16.— This plot contrasts the CMB-derived two-dimensional
likelihood contours for Ne↵ and Yp with the predictions of BBN
and other Yp measurements. The black solid contours are the 68%
and 95% confidence intervals for SPT+WMAP7. The scattered
points are samples from the Markov chain with the color encoding
the value of ✓d/✓s. The dashed black curve marks the standard
BBN relationship between Ne↵ and Yp. Similar to the right panel
of Figure 14, the gray area is ruled out by the 95% upper limit of
the measurement of solar initial helium abundance by Serenelli &
Basu (2010). The Yp measurement from spectral observations of
extragalactic low-metallicity ionized gas clouds by Peimbert et al.
(2007) and Aver et al. (2012) are shown by the light blue and red
bands respectively.

& Basu 2010) is greyed out. We also plot the Peim-
bert et al. (2007) and Aver et al. (2012) estimates of Yp

based on spectroscopic observations of low-metallicity ex-
tragalactic clouds (see § 8.2) as horizontal bands. The
CMB+BAO+H0 inference for the helium abundance is
consistent with the spectroscopic observations of Aver
et al. (2012) at 1.3�.
In summary, the CMB data can constrain Yp and

Ne↵ simultaneously by measuring the damping scale and
the location of the acoustic peaks. The combination of
CMB+BAO+H0 prefers a value of Ne↵ which is con-
sistent with three neutrinos species and a value of Yp

slightly above the BBN prediction.

9.2. Ne↵ and
P

m⌫

We finally focus on a two-parameter extension,
⇤CDM+

P
m⌫+Ne↵ , in which both the mass and num-

ber of neutrino species are freed. This is a well-
motivated, natural model expansion of the individualP

m⌫ and Ne↵ extensions discussed earlier since (1) neu-
trino oscillation experiments have established that neu-
trinos are massive (Hamish Robertson 2009) and (2) the
event excess in the MiniBooNE search for ⌫̄µ ! ⌫̄e oscil-
lations (Aguilar-Arevalo et al. 2010) and the reactor an-
tineutrino anomalies (Mention et al. 2011) suggest one or
more massive (⇠ 1 eV) sterile neutrino species. We will
continue to assume equal masses in all neutrino species.
For treatments of (3+1) or (3+2) models in the litera-
ture, see e.g. Kopp et al. (2011) or Giunti & Laveder
(2011).
Cosmological observations can rule out large ar-

eas of the Ne↵ -
P

m⌫ plane. Benson et al. (2011)
investigated constraints from WMAP7, K11, BAO,
H0, and SPT galaxy clusters, and found Ne↵ =
3.91 ± 0.42 and

P
m⌫ = (0.34 ± 0.17) eV. A

more recent study by Riemer-Sørensen et al. (2012b)
used WMAP7+K11+WiggleZ+H(z)+SNLS3 to mea-
sure Ne↵ = 3.58+0.15

�0.16 (68% CL) and
P

m⌫ <
0.60 eV (95% CL). The tightness of the constraints on
Ne↵ from this study are driven by the inclusion of the
H(z) inference from measuring the age-redshift relation
of passively evolving galaxies out to z ⇠ 1.75 (Moresco
et al. 2012), which depends heavily on modeling stel-
lar evolution. The extended arm out to higher redshifts
provides greater constraining power on the expansion his-
tory, placing constraints on Ne↵ ; conversely, this infor-
mation has little impact on the neutrino mass constraint.
As discussed in § 4.2, this two-parameter exten-

sion significantly improves the quality of fit to the
CMB+BAO+H0 data by �2 = 7.9, equivalent to a 2.3�
Gaussian preference. This model also increases the con-
sistency between the CMB, BAO, and H0 datasets, as il-
lustrated by Figure 17. Both panels show the rs/DV (z =
0.57)–H0 plane and are identical except for the color-
coding, which encodes Ne↵ in the left panel and

P
m⌫

in the right panel. Like the ⇤CDM+Ne↵ model shown in
Figure 3, this 2-parameters extension allows the contours
from the three datasets to overlap comfortably.
Ne↵ and

P
m⌫ are individually constrained by sepa-

rate features in the CMB as described in § 6 and § 8.1
– the early ISW e↵ect for

P
m⌫ , the damping scale and

the position of the acoustic peaks for Ne↵ . We can use
Figure 17 to understand phenomenologically the relative
interplay between Ne↵ ,

P
m⌫ , H0, and the BAO fea-

tures, given a CMB prior. In the left panel, Ne↵ in-
creases as H0 increases and rs/DV decreases. The de-
tailed direction means that the H0 measurement is much
more constraining than BAO for Ne↵ , similar to the con-
straint on individual Ne↵ discussed in § 8.1. In the right
panel, the BAO data are critical for the neutrino mass
measurement, whereas varying H0 at fixed rs/DV (hori-
zontal lines in the figure) has almost no e↵ect on

P
m⌫ .

This can also be seen by the significant tightening of the
inferred mass uncertainty between the green and blue
contours in Figure 18. We see in Figure 18 that there is
a positive correlation between Ne↵ and

P
m⌫ when H0

is one of the datasets. This correlation emerges because
the only way to increase Ne↵ in this model space while
fixing zeq, ✓s and H0 is to increase

P
m⌫ (and decrease

⌦⇤).
The CMB constraints on Ne↵ and

P
m⌫ are nearly

independent as shown by the red contours of Figure 18.
As would be expected for independent parameters, the
quality of the constraints are nearly unchanged from
the single-parameter extensions discussed earlier. The
Ne↵ constraint is Ne↵ = 3.40 ± 0.48 with massive neu-
trinos compared to Ne↵ = 3.62 ± 0.48 in the ear-
lier massless case. In both the ⇤CDM+

P
m⌫ and

⇤CDM+Ne↵+
P

m⌫ models, the CMB sets an upper
limit on the neutrino masses of

P
m⌫ < 1.6 eV (95%

CL). This independence is broken, and the constraints
significantly tightened, once low-redshift observations
are added. The green contours show the results of
including H0, while the blue contours show the con-
straints from CMB+BAO+H0. For the combination of
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Fig. 9.— Left panel: This panel demonstrates how the marginalized one-dimensional posterior distribution of
P

m⌫ changes when a
single external dataset is added to the CMB dataset. The CMB constraint is shown by the black solid line. The datasets added are the
BAO data (blue dot-dashed line), H0 measurement (blue dashed line), LRG sample (black dotted line), and SPT cluster data (orange solid
line). Right panel: This panel demonstrates how the marginalized one-dimensional posterior distribution of

P
m⌫ changes when a single

external dataset is removed from the combination of CMB+BAO+H0+SPTCL. The datasets dropped are the SPT bandpowers (orange
solid line), SPTCL (blue dashed line), BAO data (blue dot-dashed line), and H0 measurement (black dotted line). The marginalized
posterior for the combined CMB+BAO+H0+SPTCL dataset is shown by the black solid line.

ΛCDM
 
+

 
Σ

 
mν

ΛCDM
 
+

 
Σ

 
mν 

+
 
Yp

ΛCDM
 
+

 
Σ

 
mν 

+
 
Neff

ΛCDM
 
+

 
Σ

 
mν 

+
 
w

ΛCDM
 
+

 
Σ

 
mν 

+
 
Ωk

ΛCDM
 
+

 
Σ

 
mν

+
 
dns/dlnk

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Σ

 
mν [ 

eV
 
]

0.0

0.2

0.4

0.6

0.8

1.0

P(
 Σ

 m
ν  
)

Fig. 10.— This figure illustrates the robustness of the neutrino
mass detection to other parameter extensions. The marginalized
one-dimensional posteriors for

P
m⌫ are shown for two-parameter

extensions to ⇤CDM for the combined CMB+BAO+H0+SPTCL
data sets (for w, SNe are used instead of H0). Allowing significant
curvature or running can significantly reduce the preference for
nonzero neutrino masses (to 1.7 and 2.4� respectively). Other
extensions increase the preference for positive neutrino masses.

The running parameter dns/d ln k is predicted to be
undetectable by most inflationary theories, and a de-
tection of non-zero dns/d ln k could provide information
about the inflationary potential (Kosowsky & Turner
1995), or point to models other than inflation. There
have been a number of recent CMB constraints on
running. Komatsu et al. (2011) obtain �0.084 <
dns/d ln k < 0.020 (95%CL) from WMAP7. Dunkley
et al. (2011) find dns/d ln k = �0.034 ± 0.018 from
WMAP7+ACT. K11 use the combination of WMAP7
data and the first 790 deg2 SPT survey data to obtain
dns/d ln k = �0.024 ± 0.013, a preference for negative
spectral running at 1.8�.

7.1. Constraints on dns/d ln k

We now look at the constraints on dns/d ln k from the
SPT bandpowers. As shown in the left panel of Figure 11,

adding the SPT bandpowers to WMAP7 dramatically
reduces the allowed likelihood volume, and leads to a
preference for negative running. For SPT+WMAP7, we
find:

dns/d ln k = �0.024± 0.011. (9)

The probability of negative running with the CMB data
is P (dns/d ln k  0) = 98.6%, equivalent to a 2.2�
Gaussian preference. The preference for negative run-
ning remains above 2� when the beam uncertainties are
doubled, when the priors on the three foreground ampli-
tudes (§ 2.1) are removed, and when we restrict the SPT
bandpowers to the l < 1500 range; we conclude that this
preference does not depend strongly on the SPT experi-
mental beam uncertainty or foreground modeling.
Adding BAO and H0 data marginally improves the

constraints and shifts the median to more negative
values. The combination CMB+BAO+H0 constrains
dns/d ln k to be

dns/d ln k = �0.028± 0.010. (10)

The small shift from the CMB constraint is driven al-
most entirely by the BAO data, which prefers smaller
values of H0. The probability of negative running with
the CMB+BAO+H0 data is P (dns/d ln k  0) = 99.7%,
equivalent to a 2.7� Gaussian preference.
We next consider how robust the preference for neg-

ative running is to other model extensions. Introduc-
ing tensor perturbations (by making the tensor-to-scalar
ratio r a free parameter) is a particularly natural ex-
tension in the context of inflationary models. How-
ever, the preference for running cannot be reduced by
non-zero tensor perturbations. Tensor modes would in-
crease the power at large scales without a↵ecting small
and intermediate scales. Adding tensor modes, there-
fore, increases the preference for negative running. In
a ⇤CDM+r+dns/d ln k cosmology, we obtain dns/d ln k
= �0.045 ± 0.016 for the CMB data and dns/d ln k
= �0.046± 0.015 for the CMB+BAO+H0.
More generally, the preference for negative running

might be reduced by any extension that also e↵ec-
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• CMB polarized via Thomson scattering and local anisotropy (e.g. Sun 
scattering in atmosphere)

• Density/Temperature anisotropy generates intrinsic CMB polarization

Something different: CMB polarimetry

Cold    Hot   Cold   Hot    Cold
• Polarization either parallel or 
perpendicular to anisotropy 
wave vector

• Symmetric under “parity”
         k       -k

• “E-mode”
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Figure 1.5: The polarization pattern on the sky can be characterized in terms of a scalar
(E) and a pseudo-scalar (B) field [63, 128]. E and B differ in their behaviour under parity
transformation: B changes sign while E does not. This can be seen in the figure above.
The E patterns when reflected about the vertical axis do not change while the B patterns
change handedness. The E-B decomposition is a linear transformation of the Q-U (Stoke’s
parameters [60]) fields on the sky. This transformation is invertible, and makes E and B
invariant under translation or rotations of the sky coordinate system. These conditions
imply the transformation must be non local [127]. The values of E and B at a point Θ in
the sky are computed by averaging the (Qr, Ur) Stoke’s parameters defined based on the
radial directions about Θ. The averages of Qr construct E, and averages of Ur construct
B. The weight along circles centered at Θ should be constant, but each circle is typically
weighted by the inverse of its radius. The CMB polarization is expected to generate zero
circular polarization; hence the Stoke parameter V is zero.



• CMB polarized via Thompson scattering and local anisotropy (e.g. Sun 
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• Density/Temperature anisotropy generates intrinsic CMB polarization

Something different: CMB polarimetry

• EE power spectrum is a 
different probe of same 
physics producing TT 
spectrum

Spectra generated with WMAP7 parameters using CAMB, Lewis and Challinor

TT

EE



• CMB polarized via Thompson scattering and local anisotropy (e.g. Sun 
scattering in atmosphere)

• Density/Temperature anisotropy generates intrinsic CMB polarization

Something different: CMB polarimetry

• parity odd patterns, “B-
modes”

• Gravitational lensing of “E-
modes” (shearing)

• Gravitational waves from 
inflation

Spectra generated with WMAP7 parameters using CAMB, Lewis and Challinor
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Figure 1.5: The polarization pattern on the sky can be characterized in terms of a scalar
(E) and a pseudo-scalar (B) field [63, 128]. E and B differ in their behaviour under parity
transformation: B changes sign while E does not. This can be seen in the figure above.
The E patterns when reflected about the vertical axis do not change while the B patterns
change handedness. The E-B decomposition is a linear transformation of the Q-U (Stoke’s
parameters [60]) fields on the sky. This transformation is invertible, and makes E and B
invariant under translation or rotations of the sky coordinate system. These conditions
imply the transformation must be non local [127]. The values of E and B at a point Θ in
the sky are computed by averaging the (Qr, Ur) Stoke’s parameters defined based on the
radial directions about Θ. The averages of Qr construct E, and averages of Ur construct
B. The weight along circles centered at Θ should be constant, but each circle is typically
weighted by the inverse of its radius. The CMB polarization is expected to generate zero
circular polarization; hence the Stoke parameter V is zero.



SPTpol detectors from ANL (100 GHz)

4.22 mm 

CLC et al., JLTP June 2012, Volume 167, Issue 5-6, pp 865-871

http://link.springer.com/journal/10909
http://link.springer.com/journal/10909
http://link.springer.com/journal/10909/167/5/page/1
http://link.springer.com/journal/10909/167/5/page/1


Transition Engineering

70#μm#

• Using proximity effect to smoothly 
vary Tc across TES

• Broadens effective transition width

• Tunes feedback “gain”

CLC et al., JLTP June 2012, Volume 167, Issue 5-6, pp 865-871
Wang et al., in prep

http://link.springer.com/journal/10909
http://link.springer.com/journal/10909
http://link.springer.com/journal/10909/167/5/page/1
http://link.springer.com/journal/10909/167/5/page/1


SPTpol detectors from NIST (150 GHz)

• Use “fins” to couple 
waveguide E-field onto 
superconducting 
transmission lines

• Thermalized and 
measured on TES 
islands

• Ortho-Mode Transducer 
(two orthogonal 
polarizations go to 
separate bolometers)

Henning et al., Proc. SPIE 8452, Mm, Sub-mm, and Far-IR Detectors and Instr. for Astro. VI, 84523A (October 5, 2012)
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Very Successful!



First light!

Not so Successful!



SPTpol status

:HOFRPH�DQG�2YHUYLHZ
637SRO�$QDO\VLV�:RUNLQJ�0HHWLQJ

)HEUXDU\���������

:HOFRPH�DQG�2YHUYLHZ
637SRO�$QDO\VLV�:RUNLQJ�0HHWLQJ

)HEUXDU\���������

• First 6 months on 100 deg2

• ~10 uK rms

• Observe 480 deg2 over next 3 years (1600 detectors!)



SPTpol status

:HOFRPH�DQG�2YHUYLHZ
637SRO�$QDO\VLV�:RUNLQJ�0HHWLQJ

)HEUXDU\���������

:HOFRPH�DQG�2YHUYLHZ
637SRO�$QDO\VLV�:RUNLQJ�0HHWLQJ

)HEUXDU\���������

• First 6 months on 100 deg2

• ~10 uK rms

• Observe 480 deg2 over next 3 years

σ(Neff) σ(Σmν) σ(r)

Planck

SPTpol

0.14 117 meV 0.06

0.12 96 meV 0.03



• Increase sensitivity with more detectors

• Larger focal plane (bigger arrays and more of them)

• Increase detector “density” (measure more optical modes per optical 
element)

SPT-3G: More of the same



Superconducting microstrip

• Microstrip allows for 
manipulation of electric field

• Can move band pass “on 
chip”



Superconducting microstrip

• Microstrip allows for 
manipulation of electric field

• Can move band pass “on 
chip”

Yoon et al., AIP Conf. Proc. 1185, pp. 515-518



Multi-chroic pixels

“X”$polariza,on$

“X”$polariza,on$

“Y”$
polariza,on$

“Y”$
polariza,on$

150$GHz$
Bo

lo
m
et
er
$ Bolom

eter$

Filter$

Broadband$
Antenna$

150$GHz$

90$GHz$

90$GHz$

• Developing arrays of three-color pixels for SPT-3G

• Increase bolo density from 2 per pixel to 6 per pixel
Suzuki et al., Proc. SPIE 8452, Mm, Sub-mm, and Far-IR Detectors and Instr. for Astro. VI, 84523H (October 5, 2012)



New ideas? Atomic Layer Deposition

• Extremely conformal: uniform 
thickness over large irregular 
surfaces

• ANL expertise with 
superconductor+dielectric 
multilayers for RF cavities

• Potential for batch processing 
of films with tailored properties

• Implemented at RF frequencies 
for quantum computing

Flat, Pinhole-Free Film 

Seagate, Stephen Ferro 

Atomic Force Microscopy 

•  RMS Roughness = 4 Å (3000 Cycles)!
•  ALD Films Flat, Pinhole free!

Coumou et al., Applied Superconductivity, IEEE Transactions on , vol.23, no.3, pp.7500404,7500404, June 2013



SPT-3G goals (first light early 2016)

• Target 10x mapping speed of SPTpol
• 16,000 bolometer array
• Reduce optical load
• Double FOV

• Target 2500 deg2 to 3 uK depth

B-modes
(Inflation)

B-modes
(lensed)

Planck
SPTpol
SPT-3G



SPT-3G goals (first light early 2016)

• Target 10x mapping speed of SPTpol
• 16,000 bolometer array
• Reduce optical load
• Double FOV

• Target 2500 deg2 to 3 uK depth

B-modes
(Inflation)

B-modes
(lensed)

Planck
SPTpol
SPT-3Gσ(Neff) σ(Σmν) σ(r)

Planck

SPTpol

SPT-3G*

0.14 117 meV 0.06

0.12 96 meV 0.03

0.06 61 meV 0.01
* includes projections from BOSS



CvB detection

• “Indirect” detection

• Expansion rate in early Universe

• Growth of structure

• Technically, measuring Hot Dark Matter, which includes CvB

• Direct detection

• How do we know the HDM we see is made of neutrinos?



Direct detection of the CvB

N ! N 0 + e� + ⌫̄

⌫ +N ! N 0 + e�

Weinberg, Phys. Rev. 128:3, 1457 (1962)
Lazauskas et al., J.Phys. G35 (2008) 025001 

Q-mv     Q      Q+mv

β-decay endpoint CvB capture peak



PTOLEMY

Tri$um'Source'Disk'
(Surface'Deposi$on)'

High'Field'Solenoid'

Long'High'Uniformity''
Solenoid'(~2T)'

Accelera$ng'
Poten$al'

MACEE'filter'
(DeEaccelera$ng'

Poten$al)'

Accelera$ng'
Poten$al'

RF'Tracking'
(38E46'GHz)'

TimeEofEFlight'
(DeEaccelera$ng'

Poten$al)'

Cryogenic'
Calorimeter'
(~0.1eV)'

Low'Field'
Region'

e"#

E0E18.4eV'

0E1keV'
(~150eV)'

E0'

E0+30kV'

~50E150eV'
below''

Endpoint'

Princeton Tritium Observatory for Light, Early-Universe, 
Massive-Neutrino Yield



PTOLEMY in the works

Prototype at Princeton Plasma Physics Lab



Nb Leads TES

TES and PTOLEMY

Si

Multi-layer 
superconducting 

shield (ALD)

G set by e-ph coupling ∝ T5

ΔE = 0.15 eV @ 100 eV

e-



Microwave-readout Massive SQUID Multiplexer

¼"wave'CPW'
resonator'

CPW'transmission'line'

SQUID'

TES'• Change in flux changes SQUID inductance
• at 1-10 GHz, can support ~1 MHz of bandwidth with 

~1000 channels per line
• Originally developed for CMB measurements, recently 

demonstrated successful operation with X-ray u-cals



Rough numbers

• 100 g 3T (a lot) yields ~10 CvB neutrinos per year

• TES microcalorimeter with ~0.15 eV resolution would see CvB capture at 3σ 
for mν~0.45 eV (no background subtraction)

• Precise predictions and “indirect” evidence means a “Vanilla” detection would

• Validate Hot Big Bang at time = 1 second

• Validate standard CvB cosmology

• Measure neutrino clustering

• Measure the neutrino mass



Recap

• Broad connections are important

• Developments in superconducting technology 
are driving new TES applications

• Significant impact on CMB/mm-wave 
instruments

• SPT-SZE: UCB    completed

• SPTpol: ANL & NIST      running

• SPT-3G: ANL      upcoming

• New opportunities with PTOLEMY

• Precise expectations for CvB which we will 
probe soon!
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• Broad connections are important

• Developments in superconducting technology 
are driving new TES applications

• Significant impact on CMB/mm-wave 
instruments

• SPT-SZE: UCB    completed

• SPTpol: ANL & NIST      running

• SPT-3G: ANL      upcoming

• New opportunities with PTOLEMY

• Precise expectations for CvB which we will 
probe soon!

“The interesting thing about doing new 
experiments is that you never know what 
the answer is going to be!" - Ray Davis


